In Arabidopsis (Arabidopsis thaliana), the carotenoid cleavage dioxygenases MORE AXILLARY GROWTH3 (MAX3) and MAX4 act together with MAX1 to produce a strigolactone signaling molecule required for the inhibition of axillary bud outgrowth. We show that both MAX3 and MAX4 transcripts are positively auxin regulated in a manner similar to the orthologous genes from pea (Pisum sativum) and rice (Oryza sativa), supporting evolutionary conservation of this regulation in plants. This regulation is important for branching control because large auxin-related reductions in these transcripts are associated with increased axillary branching. Both transcripts are up-regulated in max mutants, and consistent with max mutants having increased auxin in the polar auxin transport stream, this feedback regulation involves auxin signaling. We suggest that both auxin and strigolactone have the capacity to modulate each other's levels and distribution in a dynamic feedback loop required for the coordinated control of axillary branching.
In Arabidopsis (Arabidopsis thaliana), the carotenoid cleavage dioxygenases MORE AXILLARY GROWTH3 (MAX3) and MAX4 act together with MAX1 to produce a strigolactone signaling molecule required for the inhibition of axillary bud outgrowth. We show that both MAX3 and MAX4 transcripts are positively auxin regulated in a manner similar to the orthologous genes from pea (Pisum sativum) and rice (Oryza sativa), supporting evolutionary conservation of this regulation in plants. This regulation is important for branching control because large auxin-related reductions in these transcripts are associated with increased axillary branching. Both transcripts are up-regulated in max mutants, and consistent with max mutants having increased auxin in the polar auxin transport stream, this feedback regulation involves auxin signaling. We suggest that both auxin and strigolactone have the capacity to modulate each other's levels and distribution in a dynamic feedback loop required for the coordinated control of axillary branching.
Shoot branching is dependent on both the formation of axillary meristems in the axils of leaves and the precise control of their outgrowth by genetically, hormonally, and environmentally regulated signals (for review, see Schmitz and Theres, 2005; Dun et al., 2006; Ongaro and Leyser, 2007) . Mutations in the Arabidopsis (Arabidopsis thaliana) MORE AXILLARY GROWTH (MAX) genes and orthologous genes in garden pea (Pisum sativum), rice (Oryza sativa), and petunia (Petunia hybrida) all lead to increased branching (Beveridge, 2000; Stirnberg et al., 2002; Sorefan et al., 2003; Ishikawa et al., 2005; Snowden et al., 2005; Zou et al., 2005 Zou et al., , 2006 Johnson et al., 2006; Arite et al., 2007; Simons et al., 2007) . Two of these genes, MAX3 (AtCCD7) and MAX4 (AtCCD8), encode plastid-targeted carotenoid cleavage dioxygenases (CCDs) that together with the cytochrome P450 family member, MAX1, control the production of an upwardly mobile signal that inhibits axillary bud outgrowth (Turnbull et al., 2002; Sorefan et al., 2003; Booker et al., 2004 Booker et al., , 2005 Auldridge et al., 2006) .
This mobile signal appears to be a strigolactone or a derivative (Gomez-Roldan et al., 2008; Umehara et al., 2008) . Strigolactones are carotenoid-derived terpenoid lactones previously shown to stimulate mycorrhizal hyphal branching and seed germination of the plant parasitic weeds Striga and Orobanche (Cook et al., 1972; Akiyama et al., 2005; Humphrey and Beale, 2006) . ccd7 and ccd8 mutants of rice and pea are deficient in strigolactones, and the strigolactone analog, GR24 (Johnson et al., 1981) , can restore branching inhibition in these mutants as well as in max1, max3, and max4 (Gomez-Roldan et al., 2008; Umehara et al., 2008) . In the shoot, strigolactone signal transduction probably involves the F-box Leu-rich repeat protein, MAX2 (Stirnberg et al., 2002 (Stirnberg et al., , 2007 Booker et al., 2005) . Accordingly, branching in max2 plants is not repressed by GR24. F-box proteins function in Skp1-Cul1/Cdc53-F-box (SCF) E3 ubiquitin ligase complexes, which target proteins for ubiquitination, often triggering subsequent degradation by the 26S proteosome (for review, see Petroski and Deshaies, 2005) .
A second hormone central to branching control is auxin, which was first shown to inhibit branching over seven decades ago (Thimann and Skoog, 1934) . Auxin also signals via SCF-mediated targeted protein degradation. The F-box protein, TRANSPORT INHIBITOR RESPONSE1 (TIR1), and closely related family members (AFBs) act as auxin receptors (Dharmasiri et al., 2005a (Dharmasiri et al., , 2005b Kepinski and Leyser, 2005) . Auxin binding stabilizes the interaction between TIR1/AFBs and members of the Aux/IAA family of transcriptional repressors (Tan et al., 2007) . This induces Aux/IAA degradation, allowing auxin-mediated up-regulation of transcription Tiwari et al., 2001; Zenser et al., 2001; Dharmasiri and Estelle, 2002) . As a homeostatic mechanism, many Aux/IAA genes are rapidly transcriptionally induced by auxin in an SCF TIR1/AFB -dependent manner (Park et al., 2002 ). Another protein, AUXIN RESISTANT1 (AXR1), is necessary for proper SCF function by facilitating the conjugation of the ubiquitin-like protein, RUB1, to the Cullin subunit (Leyser et al., 1993; Wu et al., 2000; Schwechheimer et al., 2001; del Pozo et al., 2002) . Mutations in AXR1 cause changes in SCF TIR1/AFBdependent auxin-responsive gene expression and subsequent defects in downstream auxin responses. AXR1 also appears to regulate SCF signaling in photomorphogenesis and jasmonate responses (Schwechheimer et al., 2002; Tiryaki and Staswick, 2002) . Phenotypes conferred by axr1 include increased branching, agravitropic root growth, fewer lateral roots and root hairs, and reduced fertility due to poor stamen elongation (Lincoln et al., 1990) .
Buds of strigolactone pathway mutants are resistant to inhibition by apically applied auxin, suggesting that strigolactones are required for this inhibition (Beveridge, 2000; Sorefan et al., 2003; Bennett et al., 2006) . Additionally, GR24 can inhibit branching in auxindepleted decapitated pea plants and in auxin signaling mutants, including axr1 and the tir1afb1afb2afb3 quadruple mutant ). In pea, the genes orthologous to MAX3 and MAX4, RAMOSUS5 (RMS5) and RMS1, are highly auxin regulated, with transcripts greatly diminished or slightly increased by treatments shown to deplete or enhance auxin, respectively (Foo et al., 2005; Johnson et al., 2006) . Auxin regulation was also shown for the rice orthologs, HIGH TILLERING DWARF1 and DWARF10 (D10; Zou et al., 2006; Arite et al., 2007) . These data suggest that the auxin regulation of strigolactone synthesis genes could represent a conserved and important mode of auxin action in branching control. In Arabidopsis, the response of MAX3 and MAX4 transcripts to auxin depletion has not been assessed in detail. A MAX4 promoter:GUS fusion was responsive to auxin treatments, particularly in the root elongation zone and in hypocotyls, and this was dependent on AXR1 (Bainbridge et al., 2005) . In contrast, up-regulation of GUS by auxin was not detected in shoot tissues.
In strigolactone pathway mutants of pea, RMS1 and RMS5 transcription is feedback up-regulated (Foo et al., 2005; Johnson et al., 2006) . This was also shown for the MAX4 ortholog in rice and petunia (Snowden et al., 2005; Arite et al., 2007; Simons et al., 2007) . A comparatively minor increase in MAX4 transcription has been reported in Arabidopsis max2 hypocotyls (Bainbridge et al., 2005) . In pea, grafting experiments indicate that feedback up-regulation of RMS1 and RMS5 occurs both locally and systemically (Foo et al., 2005; Johnson et al., 2006 ; for review, see Dun et al., 2006) . Local feedback regulation could be mediated by a direct effect of strigolactone signaling on RMS gene expression in a manner typical of many hormone biosynthetic pathways (Wang et al., 2002; Yamaguchi, 2008) . However, systemic feedback regulation requires a signal in addition to strigolactone, since strigolactones move upward while systemic feedback signaling has been shown to move down the plant (Foo et al., 2005; Johnson et al., 2006) . In pea and Arabidopsis, feedback signaling from the shoot also down-regulates the levels of the branching promoter, cytokinin, in the root xylem sap (Foo et al., 2007) .
In Arabidopsis, mutations in the MAX genes result in increased stem conductivity for auxin and increased expression of several auxin transporters, including some of the PIN family of auxin exporters (Bennett et al., 2006; Lazar and Goodman, 2006; Brewer et al., 2009) . The stems of max mutants have increased expression from the synthetic auxin-responsive promoter DR5, suggestive of increased auxin content. Similarly, increased auxin levels have been observed in strigolactone mutants of rice (Arite et al., 2007) and sometimes, but not always, in pea (for review, see Dun et al., 2006) . Therefore, high auxin content in the stems of max mutants is a good candidate for mediating feedback regulation of the MAX pathway. Low strigolactone would lead to increased auxin content, which in turn would up-regulate strigolactone synthesis. In pea, both auxin and another long-distance feedback signal are suggested to be involved in feedback (for review, see Dun et al., 2006) . Therefore, auxin and strigolactone signaling could interact in interlocking feedback loops, with each hormone having the potential to regulate the levels of the other. Here, we describe the results of experiments aimed at further investigating the auxin-strigolactone interaction in Arabidopsis and exploring its functional significance.
RESULTS

MAX3
and MAX4 Expression in the Shoot Is Up-Regulated by Auxin in an AXR1-Dependent Manner Auxin regulation of RMS1/MAX4 and RMS5/MAX3 in stems has been detected in pea but not in Arabidopsis (Bainbridge et al., 2005; Foo et al., 2005; Johnson et al., 2006) . To determine if auxin up-regulation of MAX3 and MAX4 can be detected in the shoot using the more sensitive and quantitative quantitative realtime PCR (qRT-PCR), and whether this effect is AXR1 dependent, a dose response of MAX3 and MAX4 expression to the natural auxin indole-3-acetic acid (IAA) was undertaken in the basal cauline internode of intact axr1-3 and wild-type plants. The INDOLE-3-ACETIC ACID INDUCIBLE1 (IAA1) gene known to be up-regulated by auxin via the AXR1/TIR1 pathway (Park et al., 2002; Yang et al., 2004 ) was analyzed as a control.
In pea, 3 and 19 mM IAA applied in lanolin to decapitated plants can substantially enhance total stem auxin content and slightly but significantly up-regulate RMS1 and RMS5 expression (Foo et al., 2005; Johnson et al., 2006) . When tested here, 1 and 19 mM IAA, but not 100 mM or below, significantly increased MAX3 and MAX4 transcript levels in the basal cauline internode of intact plants by at least 10-fold at 3 h (t test P , 0.01; Fig. 1 ). These genes behaved similarly to IAA1, although IAA1 was slightly more responsive to IAA addition. For all genes, the response to IAA was clearly diminished in the axr1-3 mutant (P , 0.01-0.05). In untreated plants, expression levels were slightly reduced in axr1-3 relative to the wild type for MAX4 (P , 0.05) and IAA1 (P , 0.01), while this was not significant for MAX3. Together, these data suggest that, like IAA1, MAX3 and MAX4 transcripts are induced by auxin in internode tissue in an AXR1-dependent manner. As is typical with auxin responses in axr1 mutants, the auxin dose-response curve is shifted such that high auxin doses successfully induce a response similar to that observed with lower doses in the wild type.
MAX3 and MAX4 Expression Is Reduced by Auxin Depletion Treatments
In pea, the largest changes in RMS5 and RMS1 expression occur following treatments that cause auxin depletion (Foo et al., 2005; Johnson et al., 2006) . Thus, to investigate this for MAX3 and MAX4, transcript levels were quantified following treatments predicted to deplete auxin in a number of tissues.
Young expanding leaves at the shoot apex are important sources of auxin (Thimann and Skoog, 1934; Ljung et al., 2001 ). In 5-week-old wild-type plants, removing these sources by decapitation, or applying the auxin polar transport inhibitor 1-N-naphthylphthalamic acid (NPA) in lanolin, significantly depleted MAX3 transcripts in tissues below ( Fig. 2A; all P , 0.05). Specifically, these treatments reduced MAX3 transcripts in the primary bolting stem by 200-to 400-fold after 24 h. In hypocotyls and roots, the greatest reductions in MAX3 transcript occurred when plants were decapitated, including removal of young rosette leaves, or when NPA was applied below these leaves around the top of the hypocotyls (all P , 0.05). Qualitatively similar, but generally quantitatively smaller, changes were seen for MAX4 transcripts (data not shown).
The reductions in MAX3 and MAX4 transcript levels in hypocotyls following NPA treatment and decapitation were generally not as great in max mutants as in wild-type plants (Fig. 2 , B and C). This was particularly obvious for max2, the most severe max mutant, where there was no significant difference in transcript levels between intact and decapitated plants (P $ 0.1). A similar effect was seen for IAA1, which while relatively less responsive to decapitation in general shows a significant reduction in transcript levels (P , 0.05) except in max1 and max2 (Fig. 2D) , possibly reflecting the increased auxin content/signaling properties of these mutants (Bennett et al., 2006) . In decapitated plants of all genotypes, transcript loss was prevented by the application of 19 mM IAA to the decapitation site. Grafting studies revealed that wild-type roots can restore the branching in max3 and max4 shoots to wildtype levels while max3 roots cannot rescue max4 shoots and visa versa (Turnbull et al., 2002; Sorefan et al., 2003; Booker et al., 2005) . This indicates that MAX3 and MAX4 are required in the same tissue for strigolactone production and that their product can move from the root to the shoot to inhibit branching. Previously, roots of the axr1-3 mutant were also shown to restore the branching in max4 shoots to wild-type levels, suggesting that the axr1-3 roots of these grafts are not strigolactone deficient (Sorefan et al., 2003; Bainbridge et al., 2005) . These and other data (Bennett et al., 2006 ) suggest a MAX-independent role for auxin signaling in branching suppression, but they do not rule out a role for AXR1/TIR1-mediated regulation of MAX3 and MAX4 transcription in modulating branching levels. To investigate this possibility, we turned to the bodenlos-2 (bdl-2) mutant. This is a semidominant auxin response mutant that confers defective primary root formation in the embryo and greatly increased shoot branching in the adult plant, particularly obvious in heterozygous plants (Fig. 3) . The bdl-2 allele was isolated from an ethyl methanesulfonate-mutagenized , and IAA1 expression in wild-type (WT) and axr1-3 basal cauline internodes. IAA was applied in a lanolin ring around the primary bolt of 5-week-old plants 15 mm above the base, and the cauline tissue below the application site was collected 3 h post application. Expression is shown relative to wild-type controls for each gene; data are means of two biological pools of six plants 6 SE. Asterisks indicate significant differences between axr1 and the wild type.
population in the ecotype Columbia (Col-0) background (Stirnberg et al., 2002) . It has a Pro-74-to-Ser amino acid substitution in domain II of the Aux/IAA transcriptional repressor IAA12 identical to that described for bdl-1, which is in the Landsberg erecta genetic background (Hamann et al., 1999 (Hamann et al., , 2002 . This substitution results in auxin-resistant stabilization of the IAA12/BDL protein and thus likely constitutive repression of target auxin-up-regulated genes (Hamann et al., 2002; Dharmasiri et al., 2005b) . The bdl-2 mutation caused increased bud outgrowth from the rosette in both homozygotes and heterozygotes. Shoot height was far more reduced in homozygotes, which were severely dwarfed, than in heterozygotes, which with moderately shorter stature and increased branching somewhat resembled max mutants (Fig. 3B ).
Transcript abundance of MAX3 and MAX4 was reduced by approximately 3 orders of magnitude in bdl-2 homozygotes and also to a lesser extent in heterozygotes (Fig. 3D ). IAA1 expression was equal to, or higher than, wild-type expression in bdl-2, suggesting distinct Aux/IAA regulation of these genes. To examine this hypothesis further, we searched for coexpression of IAA1, IAA12, MAX3, and MAX4 using the Genevestigator V3 microarray database (Zimmermann et al., 2004; Hruz et al., 2008) . IAA12 and IAA1 were both corepresented with MAX3 and MAX4 in the hypocotyls and inflorescence stems (data not shown); however, IAA12, MAX3, and MAX4 all showed highest differential expression in the hypocotyl xylem, while IAA1 was expressed most highly in callus tissue and the lateral root cap.
To investigate whether low MAX3 and MAX4 expression in bdl-2 mutants correlates with insufficient graft-transmissible branching suppression, as expected if strigolactone levels have been affected, we carried out grafting between bdl-2 heterozygotes, max4-1, and the wild type. If bdl-2 mutants are strigolactone deficient, two results were expected. First, bdl-2 mutant roots should not rescue branching in max4-1 shoots; second, branching in bdl-2 shoots should be rescued by wild-type but not max4-1 rootstocks. Self-grafted bdl-2 heterozygous mutants produced significantly more rosette branches than self-grafted max4-1 mutants (P , 0.01; Fig. 3E ), and both mutants branched more than self-grafted wild-type plants (P , 0.001). As expected, branching in max4-1 scions was completely restored to wild-type levels by grafting to wild-type rootstocks (Sorefan et al., 2003; Fig. 3, E and F) . However, bdl-2 heterozygote rootstocks did not restore the branching in max4-1 shoots, suggesting that BDL affects root strigolactone production. Furthermore, wild-type rootstocks inhibited branching in heterozygote bdl-2 scions by over 50% relative to bdl-2 heterozygote self grafts (P , 0.001) and compared with only 20% inhibition by max4-1 rootstocks (P , 0.05). These data support the hypothesis that increased branching in bdl-2 mutants is partly due to insufficient strigolactones but also that there is a strigolactoneindependent component to the increased branching observed in bdl-2 heterozygous plants.
We also determined the ability of exogenous strigolactone to inhibit branching in bdl-2. The synthetic strigolactone analog, GR24, was applied to rosette axils every 2 to 3 d as described by Gomez-Roldan et al. (2008) . This reduced rosette branching in max4-1 and bdl-2 heterozygotes by a similar degree (39% and 34%, respectively; P , 0.001; Fig. 3G ), but branching remained increased relative to the wild type for both genotypes, particularly in bdl-2. Branching was unchanged in both the wild type and, as expected for a putative strigolactone signal transduction mutant, in max2-1 (Booker et al., 2005; Sixfold to 10-fold increases in MAX3 and MAX4 expression were observed in hypocotyls of all max mutants relative to the wild type, indicative of feedback up-regulation (Fig. 2, B and C). Given that auxin levels and/or signaling are increased in max mutant stems (Bennett et al., 2006) , MAX3 and MAX4 transcription is auxin regulated in an AXR1-dependent manner (Bainbridge et al., 2005 ; this study), and auxin is downwardly mobile, it was hypothesized that this feedback up-regulation may be in part mediated by auxin. To investigate this possibility, we determined the role of AXR1 in feedback signaling using the axr1-3max2-1 double mutant (Bennett et al., 2006) .
In the basal cauline internodes of 5-week-old plants, MAX3, MAX4, and IAA1 transcripts accumulated to significantly higher levels in max2-1 mutants than in Figure 3 . Rosette branching and gene expression in bdl mutants. A to C, Representative rosette phenotypes of 5-week-old wild-type plants (WT; A), bdl-2 heterozygotes (B), and bdl-2 homozygotes (C). Blue arrows indicate the primary inflorescence stem; white arrows indicate example axillary rosette branches/buds. D, Relative expression levels of MAX3, MAX4, and IAA1 in the basal cauline internodes of 5-week-old bdl-2 homozygotes and heterozygotes. Data are means of two biological pools of eight to 10 plants 6 SE; asterisks indicate significant differences from the wild type. E, Number of rosette branches 5 mm or longer in reciprocally grafted wild-type plants, max4-1 mutants, and bdl-2 heterozygotes 6 SE; n = 4 to 10. F, Photographs of representative max4-1 grafted plants (scion/rootstock). G, Number of rosette branches 5 mm or longer per rosette leaf in wild-type plants, max2-1 and max4-1 mutants, and bdl-2 heterozygotes with or without GR24; n = 13 to 21. Data are means 6 SE; asterisks indicate significant inhibition of branching by GR24. [See online article for color version of this figure. ] wild-type plants (P , 0.01; Fig. 4A ). In the axr1-3max2-1 background, the expression of all genes in this tissue was reduced to levels not statistically significantly different from the wild type or the single axr1-3 mutant. Thus, axr1 is required for feedback up-regulation in the shoot. In the hypocotyls of the same plants, the up-regulation of MAX3 and MAX4 in max2-1 was less than in cauline tissue (significant at P , 0.05; Fig. 4B ), and this was not abolished in the axr1-3 background. This might indicate that the observed elevated expression in max2-1 hypocotyls is not related to auxin; however, like MAX3 and MAX4, IAA1 and additional auxin-responsive Aux/IAA genes (IAA5, IAA19, and IAA29; data not shown) showed increased expression in max2-1 that was not significantly affected by the axr1-3 mutation.
In the hypocotyls of vegetative 2-week-old max2-1 plants, MAX3, MAX4, and IAA1 transcripts were again slightly but significantly up-regulated (P , 0.05; Fig.  4C ). At this developmental stage, the axr1-3 background prevented the up-regulation of IAA1, but not MAX3 or MAX4, in max2-1 hypocotyls. This could suggest auxin-independent feedback specific to MAX3 and MAX4. However, we cannot rule out an auxindependent relationship, because NPA treatment of these plants abolished the up-regulation of MAX3 and MAX4 in axr1-3max2-1 relative to axr1-3 (Fig. 4D) , and our results with bdl-2 above suggest that differences in the auxin responsiveness of these genes could be due to different Aux/IAAs involved in their regulation.
Graft Transmissibility of Feedback Signals
To test if feedback regulation of MAX3 and MAX4 expression can occur over long distances, as shown in pea (Foo et al., 2005; Johnson et al., 2006) , we reciprocally grafted max2-1 and wild-type plants.
Feedback in the Shoot
As shown for pea, a local feedback effect was noted in the shoot, as evidenced by the increased expression of MAX3, MAX4, and IAA1 in the shoots of max2/ wild-type (scion/rootstock) grafts compared with wild-type/wild-type grafts (Fig. 5A) . For all grafts, the expression of all genes in the shoot was dependent only on the shoot genotype; therefore, similar to results in pea, no upwardly mobile feedback signaling was detected (Foo et al., 2005; Johnson et al., 2006) .
Feedback in the Root
The expression of MAX3, MAX4, and IAA1 was higher in the rootstocks of wild-type/max2 grafts relative to wild-type/wild-type grafts, supporting a local feedback effect also in the root (Fig. 5B) . However, MAX3, MAX4, and IAA1 expression was not increased in the rootstocks of max2/wild-type grafts relative to wild-type/wild-type grafts. Therefore, in contrast with results in pea (Foo et al., 2005) , a downwardly mobile feedback signal from max2-1 shoots, able to up-regulate gene expression in wild-type roots, was not detected. Nonetheless, the increased expression of MAX3 and MAX4, but not IAA1, in max2 rootstocks was reduced by approximately 40% when grafted to a wild-type shoot compared with a max2 shoot ( Fig. 5B ; P , 0.05). This is suggestive of some long-distance effect on MAX3 and MAX4 expression in the rootstock depending on the shoot genotype. As growing shoot apices export auxin, it was considered that auxin, or additional, downwardly mobile feedback signals may be enhanced by the presence of actively growing branches in max mutants. Thus, grafts were repeated and grown until plants had primary bolting stems 15 to 30 cm in length and rosette branches. MAX3, MAX4, and IAA1 were up-regulated in the rootstocks of branching max2 self-grafts by a similar degree as in vegetative max2 self-grafts and again were not up-regulated in wildtype rootstocks grafted to max2 shoots (data not shown). Therefore, while there appears to be both a local and a long-distance feedback effect of strigolactone signaling on MAX3 and MAX4 transcript abundance in Arabidopsis, it appears that, in contrast to pea, this long-distance effect is relatively minor. Previous analyses have shown that auxin may interact with the strigolactone pathway in both monocots and dicots by regulating the transcription of MAX3 (CCD7) and MAX4 (CCD8) orthologs (Sorefan et al., 2003; Foo et al., 2005; Johnson et al., 2006; Zou et al., 2006; Arite et al., 2007) . Here, we reveal that auxin positively regulates both MAX3 and MAX4 expression in Arabidopsis more extensively than previously thought. This further supports conservation, and hence possible functional significance, of this regulation throughout evolution.
In the shoot, auxin enhanced MAX3 and MAX4 transcript levels within 3 h, and this was AXR1 dependent (Fig. 1) . However, high concentrations (.1 mM) of IAA in lanolin were required to elicit this response, even for the IAA1 gene, which in etiolated seedlings can be induced by as little as 1 mM IAA in solution over a similar time frame (Abel et al., 1995) . This may suggest reduced permeability or sensitivity of intact light-grown cauline tissue to IAA applied in lanolin. Similarly to pea, rapid and large reductions in MAX3 and MAX4 transcript levels were observed following treatments predicted to deplete endogenous auxin, and these reductions were prevented by auxin addition (Fig. 2) . Together, these data imply that the basal levels of MAX3 and MAX4 transcripts in intact wild-type plants are substantially maintained by auxin. Consistent with this idea, the levels of MAX3 and MAX4 transcript in the auxin response mutant axr1-3 were in general lower than in the wild type, although these differences were not always statistically significant (Figs.  1 and 4) . This is likely due in part to reduced feedback inhibition on auxin synthesis in the axr1-3 mutant, resulting in increased auxin levels (Romano et al., 1995) , which may partially compensate for reduced auxin sensitivity. Furthermore, AXR1 acts partly redundantly with an additional AXR1-like protein, AXL1 (Dharmasiri et al., 2007) , and the axr1-3 allele used in this work is not a null allele. AXR1-dependent auxin regulation of MAX3 and MAX4 is consistent with the existence of auxin-response ciselements in the promoter regions of these genes, including four and two copies, respectively, of the TGTCTC ARF-binding motif (Ulmasov et al., 1999) within 3 kb upstream.
In contrast to the mild effect of the axr1-3 mutant on MAX3 and MAX4 transcript levels, the highly branched bdl-2 mutant (Fig. 3) , expressing the IAA12 transcriptional repressor that is resistant to AXR1/TIR1-mediated destabilization (Hamann et al., 2002; Dharmasiri et al., 2005b) , had transcript levels similar to those of plants treated to deplete endogenous auxin (Figs. 2 and 3D) . Thus, an attractive hypothesis, also suggested by Brewer et al. (2009) , is that substantial auxin depletion results in increased branching at least in part by reducing strigolactone synthesis. Consistent with this, branching in bdl-2 shoots appears to involve strigolactone deficiency. First, shoot branching in max4 mutants can be restored to wild-type levels by grafting to wild-type rootstocks but not bdl-2 rootstocks (Sorefan et al., Figure 5 . Expression of MAX3, MAX4, and IAA1 in the shoot (A) and the rootstock (B) of grafted wild-type (WT) and max2-1 plants. Expression was measured in vegetative plants 2 weeks after transfer to soil; values are shown relative to wild-type/wild-type (scion/rootstock) rootstocks. Data are means of two biological pools of five to eight plants 6 SE. Bars with asterisks are significantly different from each other due to a long-distance effect.
2003; Bainbridge et al., 2005;  Fig. 3E ), suggesting that bdl-2 rootstocks do not produce sufficient strigolactone. Second, wild-type rootstocks rescued over half of the branching in bdl-2 shoots, while strigolactonedeficient max4-1 rootstocks did not, suggesting this strigolactone deficiency may be at least partly responsible for the increased shoot branching in bdl (Fig. 3, E-G) . Consistent with this idea, GR24 suppressed branching by a similar degree in bdl-2 and max4-1. An interaction between BDL/IAA12 and MAX3 and MAX4 is consistent with their preferential expression in the xylem and the localization of a BDL: GUS fusion protein in vascular tissues (Zimmermann et al., 2004; Dharmasiri et al., 2005b; Hruz et al., 2008) . Although strigolactone appears to be involved in the shoot-branching phenotype of bdl-2 mutants, it is unlikely to play a role in the embryonic phenotype (Hamann et al., 1999 (Hamann et al., , 2002 Hardtke et al., 2004) , since mutants for the strigolactone pathway do not show similar pleiotropic abnormalities.
Taken together, our results suggest that auxinregulated MAX expression can be blocked by stabilization of BDL/IAA12, and this can modulate the degree of branching. Conversely, consistent with max4 shoot branching being rescued by grafting to axr1 roots (Bainbridge et al., 2005) , the mild down-regulation of MAX3 and MAX4 transcripts observed in axr1-3 mutant roots may not be sufficient for strigolactonedependent modulation of branching. The increased branching observed in axr1-3 mutants, the additive bud auxin-insensitivity and branching phenotype of axr1-3max double mutants relative to the single mutants, and the normal levels of auxin transport in axr1-3 mutants also point to mutually independent roles for MAX and auxin signaling in suppressing branching (Bainbridge et al., 2005; Bennett et al., 2006) . Although some effects of axr1 mutants may not be related solely to auxin signaling (Schwechheimer et al., 2002; Tiryaki and Staswick, 2002) , an additional role for auxin signaling in branching is supported here by the fact that branching in bdl-2 shoots was partially suppressed by max4-1 roots compared with bdl self-grafts, suggesting that some of the branching in bdl-2 cannot be explained by strigolactone deficiency (Fig. 3 ).
An additional mode of auxin action is likely to involve down-regulated synthesis of the branching promoter cytokinin (Wickson and Thimann, 1958, Sachs and Thimann, 1967; Bangerth, 1994; Li et al., 1995; Nordströ m et al., 2004; Ferguson and Beveridge, 2009) . Apically derived auxin has been shown to down-regulate cytokinin levels in the xylem exudate of pea and bean (Phaseolus vulgaris), and in pea it can inhibit the expression of ISOPENTYL-TRANSFERASE cytokinin biosynthesis genes in the stem (Bangerth, 1994; Li et al., 1995; Tanaka et al., 2006; Ferguson and Beveridge, 2009) . In Arabidopsis, the auxin-mediated repression of cytokinin synthesis requires AXR1 (Nordström et al., 2004) . Thus, differences in branching between bdl-2 self-grafts and bdl-2 shoots grafted with max4 roots could involve differences in cytokinin levels, caused by auxin insensitivity of bdl-2 root and shoot tissues. However, while local production of cytokinin in shoot tissues can affect branching, the importance of root-derived cytokinin to axillary branching remains controversial (Chaudhury et al., 1993; Beveridge et al., 1997a; Faiss et al., 1997; McKenzie et al., 1998; Catterou et al., 2002; Schmü lling, 2002; Sakamoto et al., 2006) .
The Mechanisms of Strigolactone Feedback Regulation in Arabidopsis
We show that both MAX3 and MAX4 transcripts are up-regulated in all max mutants, suggesting feedback control (Fig. 2, B and C) . The degree of up-regulation varies between tissues and is of a similar magnitude to that for orthologous genes in rice and petunia, being substantially less than that for RMS1 in pea, where transcripts can accumulate to more than 1,000-fold in rms4 mutants (Foo et al., 2005; Snowden et al., 2005; Arite et al., 2007; Simons et al., 2007; Umehara et al., 2008) . There are at least three not mutually exclusive potential mechanisms for the up-regulation of MAX3 and MAX4 gene expression in max mutants: (1) it is a direct effect of the strigolactone signaling pathway; (2) it is associated with the demonstrated effect of auxin on MAX3 and MAX4 expression, coupled with the effect of the MAX pathway on auxin transport/levels and thus auxin distribution; and (3) it is associated with an additional downwardly mobile strigolactoneregulated signal, as proposed for pea (Foo et al., 2005; Dun et al., 2006) .
Direct Effects of Strigolactone Signaling on Strigolactone Biosynthesis Gene Expression
The best evidence for a direct feedback effect of strigolactone signaling comes from studies of rice roots, where up-regulated D10 expression in strigolactone pathway mutants can be restored to wild-type levels by strigolactone application in the biosynthesis mutant but not the signaling mutant (Umehara et al., 2008) . However, this was determined 24 h after strigolactone application and thus remains of limited value in distinguishing a direct effect from one mediated by another signal such as auxin, considering that auxin alters gene expression within 3 h (Foo et al., 2005 ; Fig. 1) .
In this study, we included parallel observations of MAX gene expression and the auxin-responsive gene IAA1. We have also analyzed the axr1-3 mutant, which has known defects in auxin-responsive gene expression. This allows some discrimination between a direct effect of strigolactone on MAX3 and MAX4 expression and an indirect effect mediated by changes in auxin levels in the mutants. As discussed below, our findings suggest that the major portion of feedback regulation in Arabidopsis is indirectly mediated by auxin signaling. 
Involvement of Auxin in the Feedback Regulation of MAX3 and MAX4
Where there were large differences in MAX3 and MAX4 transcript accumulation between the wild type and the max2 mutant, these were substantially reduced in the axr1-3 mutant background. In contrast, where the differences were small, these appeared to be unaffected by the axr1-3 mutation (Fig. 4) . Thus, it seems likely that a major contributor to the elevated levels of MAX3 and MAX4 transcript in max mutant backgrounds is increased auxin in some tissues, particularly cauline nodes. This is consistent with the very high DR5:GUS levels observed in the vasculature of max mutant stems and the expression of MAX genes in vascular-associated cells where polar auxin transport is occurring (Sorefan et al., 2003; Booker et al., 2005; Bennett et al., 2006; Stirnberg et al., 2007) .
A role for auxin in feedback is further suggested by the strong correlation between IAA1 expression and MAX3 and MAX4 expression across the feedback assays used in this study (Figs. 2, 4 , and 5), even in cases where axr1 had no effect. For example, axr1 did not suppress the elevated levels of MAX3 and MAX4 transcripts in mature max2 hypocotyls, yet the same was observed for IAA1 transcripts and additional Aux/ IAAs ( Fig. 4B ; data not shown). A case for direct or auxin-independent feedback on MAX3 and MAX4 expression (as in mechanisms 1 or 3 above) is better suggested where the response of their transcripts to feedback differs from IAA1. We found only two such instances. First, in young hypocotyls, the upregulation of IAA1 expression in max2 was suppressed in the axr1-3 background (axr1max2), as expected if auxin was responsible for its up-regulation, while MAX3 and MAX4 transcripts were expressed at equally high levels in max2 and axr1max2 (Fig. 4C) . In this case, however, the enhanced MAX3 and MAX4 expression in axr1max2 relative to axr1 was abolished by NPA treatment (Fig. 4D ). This could again mean a function for increased auxin in the polar auxin transport stream (PATS) of max2 plants in this feedback (Bennett et al., 2006) or that transcript levels are at their lowest after NPA treatment, preventing an additional effect of MAX2. The other case where IAA1 expression levels did not reflect MAX3 and MAX4 expression was in the rootstock of grafted plants, as discussed below (Fig. 5B) .
Systemic Feedback Regulation of MAX3 and MAX4
The data described above demonstrate that auxin, likely that traveling in the PATS, is a major component of feedback signaling on MAX3 and MAX4 transcript abundance, especially in cauline nodes. Therefore, at least in the shoot, auxin could act as a long-range feedback signal for MAX action.
In this study, similar to those for pea (Foo et al., 2005; Johnson et al., 2006) , the expression of MAX3 and MAX4 in the rootstocks of wild-type/max2 (scion/ rootstock) grafts was intermediate between wildtype/wild-type and max2/max2 grafts (Fig. 5) . This suggests that MAX2 activity in either the shoot or the root can affect MAX3 and MAX4 expression in the rootstock. Although wild-type shoots suppressed MAX3 and MAX4 gene expression in max2 roots by about one-third compared with max2 self-grafts, they had no effect on IAA1 gene expression. Thus, one possibility is a non-auxin long-distance signaling effect. However, the extent of this long-distance regulation is considerably less than that in pea, where 140-fold differences in RMS1 transcripts were observed for the comparable graft combinations (Foo et al., 2005) . Also unlike comparable grafts of pea, we Figure 6 . Interactions between auxin and the MAX pathway. Regulatory signals represented in blue were investigated in this study.
Step 1, Auxin traveling in the PATS promotes MAX3 and MAX4 expression in an AXR1-dependent manner, prevented if IAA12 is stabilized.
Step 2, Auxin-promoted MAX3 and MAX4 transcript levels lead to increased strigolactone production, which leads to reduced bud outgrowth and reduced auxin export from buds into the PATS.
Step 3, If strigolactones are low, branching is increased and auxin level increases, feedback upregulating MAX3 and MAX4 to increase strigolactone levels as in step 1.
Step 4, Strigolactone signaling may feedback down-regulate transcript levels independent of auxin; the dashed line indicates weak/ putative interaction.
Step 5, Auxin also down-regulates cytokinin synthesis, and cytokinin promotes branching. The environment/genotype/developmental program may influence each of these regulatory stages tissue specifically. [See online article for color version of this figure. ] did not detect a systemic feedback signal from max2 shoots that could up-regulate MAX3 and MAX4 expression in wild-type rootstocks (Fig. 5; Foo et al., 2005) . Interestingly, in petunia, the up-regulation of the MAX4 ortholog, DECREASED APICAL DOMINANCE1, was not found to be graft transmissible to the rootstock (Simons et al., 2007) .
The relatively minor effect of the shoot genotype, wild type or max2, on MAX3 and MAX4 gene expression in the roots contrasts with clear evidence of the long-distance regulation of xylem sap cytokinin by strigolactone signaling in Arabidopsis shoots (Foo et al., 2007) . Auxin regulation of cytokinin content is well documented (Nordströ m et al., 2004) , and decapitation leads to depletion of xylem sap cytokinins, which can be restored with exogenous auxin (Bangerth, 1994; Li et al., 1995) . However, a feedback signal in addition to auxin has been proposed for pea, because feedback down-regulated xylem cytokinin is not significantly increased by decapitation in the rms1, rms3, and rms4 mutants over 24 h, and the up to 2,000-fold increases in RMS1 expression observed in the rms4 (Psmax2) mutant have not been achieved by auxin addition (Foo et al., 2005 (Foo et al., , 2007 ; for review, see Dun et al., 2009) . More direct studies of auxin involvement in shoot-to-root regulation of xylem sap cytokinin levels in Arabidopsis are required to determine whether a signal in addition to auxin affects xylem cytokinin content.
Sources of Differences
In this and previous studies, similar experiments have given quantitatively and sometimes qualitatively different results. Our data suggest that some of the variability is likely technical, such as the method of hormone application or expression analysis, the hormone concentrations used, and the tissue types included in the analyses. Different phenotypes of species dictate the use of different tissues for grafting and gene expression analysis, epicotyl in pea versus hypocotyl in Arabidopsis and petunia, and perhaps this could influence the movement of, or degree of response to, long-distance signals. Importantly, some interesting biological differences are also emerging. In pea but not Arabidopsis, mutant rms4 (max2) rootstocks are more able than wild-type rootstocks to suppress branching in wild-type and various rms mutant shoots, and this has been associated with the small local feedback upregulation of strigolactone biosynthesis genes in mutant rootstocks (Beveridge et al., 1996 (Beveridge et al., , 1997b Morris et al., 2001; Booker et al., 2005; Foo et al., 2005; Johnson et al., 2006) . While this could involve differences in the strength of feedback regulation, perhaps strigolactone levels could be more rate limiting in pea than in Arabidopsis in standard conditions. As discussed above, the balance of auxin and auxin-independent feedback regulation on strigolactone synthesis genes may also differ, the latter component appearing to be greater in pea than in Arabidopsis (Foo et al., 2005 (Foo et al., , 2007 . Although many similarities are apparent between species, differences in strigolactone pathways could potentially reflect differences in developmental programs and shoot architectures.
CONCLUSION
We demonstrate that the auxin regulation of strigolactone biosynthetic genes is conserved in Arabidopsis. This involves AXR1/TIR1-regulated Aux/IAA stability and contributes to branching inhibition. Furthermore, this auxin regulation also acts as a feedback mechanism, with increased auxin content in conditions of low strigolactone acting as a downstream communicator to increase strigolactone biosynthesis. We suggest that auxin-regulated strigolactone biosynthesis may form a conserved component of auxinmediated branching inhibition and that auxin and strigolactone signaling may participate in an interlocking feedback loop, involving interplay with additional stimuli, to precisely control branching in plants. A diagrammatic representation of the interactions between auxin and the MAX pathway built upon by this study is shown in Figure 6 .
MATERIALS AND METHODS
Plant Growth and Materials
For Figures 1, 2, 3E to 3G, 4C, 4D, and 5, Arabidopsis (Arabidopsis thaliana) seeds were sown on a mixture of California potting mix type C and vermiculite (3:2, v/v) at a density of one to two per 5 cm 2 or one per 1 cm 2 (Fig. 2 ) and stratified for 2 to 3 d at 4°C. Trays were transferred either to a temperaturecontrolled growth room at 22°C 6 2°C/18°C 6 2°C for 18 h of light/6 h of dark with fluorescent lighting (Philips 36 W/840) supplying approximately 120 mmol m 22 s 21 light or to a temperature-controlled glasshouse at 24°C 6 2°C/ 18°C 6 2°C for 18 h of light/6 h of dark with the natural daylength extended by incandescent light. For Figures 3A to 3D , 4A, and 4B, seeds were cold treated and grown at a density of one per 4 cm 2 in a temperature-controlled glasshouse according to Bennett et al. (2006) . All plant lines used were in the Col-0 background as follows: Col-0 wild type, max1-1, max2-1, max3-11, max4-1, axr1-3, axr1-3max2-1, and bdl-2 (see below). Vegetative 2-week-old plants had approximately six to eight mature leaves expanded, and bolting plants were grown until the primary bolt was 2 to 5 cm (3 weeks) or 15 to 30 cm (approximately 5 weeks) as indicated in the text.
The bdl-2 Allele
The bdl-2 mutant allele was found in a screen for branching mutants of the ethyl methanesulfonate-mutagenized Col-0 population described by Stirnberg et al. (2002) . Genetic analysis of the mutant individual recovered showed that its max-like phenotype was caused by a semidominant mutation in a heterozygous state. Homozygotes were severely dwarfed. The mutation mapped between PVV4 and nga63 on chromosome I, an interval containing four IAA genes: IAA3/SHY2, IAA17/AXR3, IAA10, and IAA12/BDL. As mutations with semidominant inheritance were known for this class of genes but homozygous or heterozygous shy2 or axr3 were unlike our mutant (Leyser et al., 1996; Tian and Reed, 1999) , IAA10 and IAA12 were considered as possible candidates and their coding regions were amplified from genomic DNA of homozygous mutant plants. Sequencing revealed no change in IAA10 but a CCA-to-TCA change in codon 74 of IAA12, predicting a Pro-to-Ser substitution identical to the bdl-1 allele, which is in the Landsberg erecta genetic background (Hamann et al., 1999 (Hamann et al., , 2002 .
Decapitation and Hormone Treatments
Three-week-old plants were decapitated by removing the entire primary inflorescence (2-5 cm) and the youngest three to four expanding rosette leaves using a pair of fine forceps. For 5-week-old plants, primary bolts (15-30 cm) were decapitated 15 mm above the stem base using a sterile scalpel, with or without the youngest rosette leaves removed as indicated in the figure legends. For hormone treatments, hormones were dissolved in ethanol and mixed with lanolin to give the various concentrations indicated with a final ethanol concentration of less than 10%. NPA was applied in a ring either around the top of the hypocotyls or around the primary bolt 15 mm above the base as indicated. IAA was applied to the decapitation site or, for the doseresponse assay, in a ring around the primary bolt of intact plants 15 mm above the base. Control treatments were as above minus hormone. For expression analyses, tissues as indicated (approximately 2-5 mm of hypocotyl, the basal 10 mm of the primary inflorescence stem, and the first 5 cm of root tissue) were harvested after the times indicated. Statistical P values for all phenotypic and expression data were calculated using the t test.
Plants were treated with GR24 (http://www.chiralix.com/) as described by Gomez-Roldan et al. (2008) with modifications. For 5 mM-treated and 0 mM control plants, solutions containing 0.05% Silwet and 0.05% acetone with or without GR24 were applied to plants every 3 d starting at 18 d after transfer to the growth room. At 24 d, the GR24 dose was doubled to 10 mM applied every 2 d for two treatments followed by an additional four treatments of 5 mM every 3 d. Rosette leaf numbers (minus cotyledons) were scored 1 week after bolting, and branch numbers of 5 mm or greater were scored at 47 to 50 d.
Grafting
Transverse grafts were performed using a protocol adapted from Turnbull et al. (2002) . Sterilized cold-treated seeds were germinated vertically on plates containing half-strength Murashige and Skoog basal salts, 1% Suc, and 0.8% agar in an incubator at 24°C with an 18-h photoperiod. Seedlings were grown for 4 to 5 d before careful transfer to sterilized petri dishes containing a premoistened layer of Millipore nitrocellulose filter (type HA; pore, 0.45 mm) on a single layer of Whatman No. 1 filter paper for grafting. Grafts were returned to the incubator, and successful grafts were transferred to soil by 7 d and grown in a temperature-controlled growth room as above. Grafts were visually assessed, and phenotypic analyses were carried out at the cessation of primary meristem activity. For expression analyses, hypocotyl and root tissues below the graft union (approximately 2 cm) were collected as rootstock tissue and rosette stem tissue (rosette stem plus approximately 0.5 mm of petiole tissue) was collected as shoot tissue. For vegetative-stage plants, tissues were collected 2 weeks after transfer to soil. For mature plants, tissues were collected following phenotypic analysis.
qRT-PCR
Total RNA was isolated from pools of five to 25 plants using NucleoSpin RNA plant kits (Machery-Nagel) and quantified using a NanoDrop 1000. cDNA was synthesized in 20 mL with 100 ng to 1 mg of total RNA, 250 ng of random primers (Promega), 250 ng of oligo(dT) 15 (Promega), 0.5 mM deoxyribonucleotide triphosphates, 5 mM dithiothreitol (Invitrogen), 13 first-strand buffer, and 100 units of SuperScript III reverse transcriptase (Invitrogen) as described in the Invitrogen SSIII RT protocol. Reverse transcriptase-minus control reactions were performed for each RNA sample to assess DNA contamination during qRT-PCR. Each qRT-PCR was performed in duplicate using SYBR Green PCR Master Mix, 200 nM of each primer, and 2 to 15 ng of cDNA in an ABI Prism 7900HT Sequence Detection System (Applied Biosystems) with melt-curve analysis. No-template control reactions were performed for each primer. Primer efficiencies (PE) of each gene were calculated per run by LinRegPCR (Ramakers et al., 2003) . Relative quantitation was determined using the comparative cycle threshold (C T ) method; C T values for technical replicates for each gene were averaged (AvC T ), and MAX3 (At2g44990), MAX4 (At4g32810), and IAA1 (At4g14560) expression was normalized against 18S (At2g01010; Figs. 1, 2 , B-D, and 3-5) or three b-actin reference genes (At3g18780, At5g09810, and At1g49240; Fig. 2A ) according to Brown et al. (2003) using the formula PE gene 2AvCTgene /PE reference 2AvCTreference . Resulting values were averaged for biological replicates and plotted with SE values relative to a chosen sample (the calibrator), as indicated on the y axis. Primers were designed using PrimerExpress 1.5 (Applied Biosystems) with one primer across intron junctions where possible. The qRT-PCR for Figure 3 was performed using Power SYBR Green PCR Master Mix in an ABI Prism 7300 Sequence Detection System (Applied Biosystems) with melt-curve analysis. Gene expression was normalized to 18S using the comparative C T method with the formula 2 2CTgene /2 2CT18S . Primer sequences are as follows: 18SF (5#-TTCCTAGTAAGCGCGAGTCATCA-3#), 18SR (5#-GAACA-CTTCACCGGATCATTCAAT-3#), QRTMAX4F (5#-GAAAGATACCCACT-TGGCTGAATG-3#) QRTMAX4R (5#-TGTGGAGTAGCCGTCGAAGAG-3#), QRTMAX3F (5#-GATTCGTTGGTGAGCCCATG-3#), QRTMAX3R (5#-CAC-CGAAACCGCATACTCGA-3#), QRTIAA1F (5#-GCTCCTCCTCCTGCAAA-AACAC-3#), QRTIAA1R (5#-ACGGTTAGATCTCACTGGAGGC-3#); b-actin primers were as described by Brown et al. (2003) . The Genevestigator V3 Classic Metaprofile analysis tool (available at https://www.genevestigator. ethz.ch/) was used to generate an anatomy heat map of IAA1 (245397_at), MAX3 (266129_at), MAX4 (253398_at), and IAA12 (264605_at; data not shown).
